The effects of the pH of solutions used in miaowavestimulated antigen retrieval were investigated for two antibodies commonly used in neurosciences, MAP2 and SMI-32. A prolonged fiiation time (longer than 1 week) prevents good immunohistochemical staining ofthese and many other antigens in paraffim and vibratome sections. On human brain tissue stored for 17 months in formaldehyde, the effects of different solutions during microwave treatment were compared, i.e., 4% aluminum chloride (pH 2.75), 0.1 N hydrochloricacid @H 0.98), andcitrate buffers (pH2.5,4.5,6.0), together with the influence of temperature and microwave irradiation. We conclude that the pH and temperature of
the solutions and the irradiation time are of great importance for the retrieval of antigens, but in a different way for the two antibodies studied. The SMI-32 staining results are optimal with citrate buffer at pH 2.5 and 2-hr irradiation at W"C, whereas MAP2 staining results are optimal with citrate buffer at pH 4.5 and lo-min full-power irradiation. In the other conditions the staining is less intensive or less homogeneously distributed over the section. (]Hisrochem Cytochem 42:1555-1563, 1994) KEY calbindin, MW treatment in 4% aluminum chloride was far superior to distilled water, lead thiocyanate, or zinc sulfate when applied to brain tissue fixed for periods up to 10 months ( 5 ) . A reason for the difference in retrieval quality might be the relatively low pH of the aluminum solution (pH 2.75). Therefore, we studied the effects of solutions with different pHs in MW treatment, i.e., 4% aluminum chloride (pH 2.75), 0.1 N hydrochloric acid (pH 0.98), and 0.05 M citrate buffer (pH 2.5, 4.5, 6.0) on MAP-2 and an antibody against non-phosphorylated neurofilament protein . We selected these two particular antigens from a larger number of antigens examined in our previous study (5) because they exhibited the highest sensitivity to long periods of fixation and completely satisfactory antigen retrieval had not been obtained thus far. In this study we show that the pH of the solution used during MW treatment influences the retrieval of antigens. Furthermore, it appears that temperature and irradiation time are also of importance to the MW antigen retrieval technique. We found that long irradiation times at 90°C can yield a better result than long irradiation times at 55°C or a short 10-min treatment at full power (boiling).
Materials and Methods
For this study we used brain tissue, kindly provided by Prof. I. Kostovit of the Croatian Institute of Brain Research in Zagreb, from a 2-year-old child. The tissue was collected with the approval of and according to the regulations of the ethical committee of the school of medicine in Zagreb, Croatia (see also 5). This brain was fixed for 17 months in 4% buffered (C) after MW pre-treatment in citrate buffer, pH 45. for 2 hr at 90%. Note that in C staining in the superficial layers is not optimal and the dendrite panerns in Layers V and VI are less clear owing to a higher background. The cortical MAP-2-positive cells in B and C are mainly pyramidal neurons. Bar -200 pm.
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formaldehyde. In contrast to reports by other research groups, we did not apply the MW retrieval technique on mounted paraffin sections but on thick tissue slices (0.5 un) from which, after the MW treatment, vibratome sections were cut. Cortical blocks with a thickness of about 0.5 cm were taken from the prefrontal part of the brain. These slices were washed for 6 hr in running tapwater, rinsed in distilled water, and left overnight at room temperature in one of the following solutions: 4% aluminum chloride (pH 2.75), 0.1 N HCI (pH 0.98), 0.05 M citrate buffer (pH 2.5, 4.5, and 6.0). The next morning the tissue slices remained in their solution but were transferred to a plastic jar and put in the middle of a Miele microwave oven (Miele Electronic M 696). The time setting was 10 min at full power (700 W) or 60 min at 55'C or 30, 60, or 120 min at 90'C (not boiling). The temperatures were controlled using the temperature probe ofthe microwave oven and checked with a thermometer. The time it took to reach a temperature of 55% was 76 sec and a temperature of 90'C was reached in 3 min. After the MW treatment the jars were allowed to cool for 10 min. after which the tissue slices were washed in distilled water and Tris-buffered saline (TBS). Sections 95 pm thick were cut on a vibratome and washed several times in TBS for 1 hr. To prevent endogenous peroxidase activity, the sections were put in a TBS solution containing 3% H202 and 0.2% Triton X-100 for 30 min. After a thorough wash in TBS, the sections were put in a TBS solution containing 5 % non-fat dry milk and 0.2% Triton X-100 for 1 hr. In our standard immunohistochemical method for detecting monoclonal antibodies (MAbs) raised in mice, we use a 5% non-fat dry milk solution to prevent nonspecific antibody binding to the tissue (12). The primary MAbs raised in mice against MAP-2 (M 4403; Sigma, St Louis, MO) or non-phosphorylated neurofilament (SMI-32; Sternberger Monoclonals, Baltimore, MD) were diluted 1:500 in TBS with 5% non-fat milk and 0.2% Triton X-100. Incubation of the primary antibody was performed overnight in a cold room at 4°C. After incubation of the primary antibody the sections were thoroughly washed in TBS and incubated for 1 hr in the secondary antibody, peroxidase-conjugated rabbit anti-mouse (P 260; Dako, Glosuup, Denmark). This secondary antibody was diluted 1:100 in a 5% milk solution, just like the primary antibody. Visualization took place in 0.05% diaminobenzidine (DAB) enhanced with 0.1% nickel ammonium sulfate ( 5 ) .
Results
As mentioned in Material and Methods, thick (0.5 cm) slices of tissue were pre-treated in the microwave oven. Vibratome sections were prepared afterwards. We did not find an evident difference in the quality of immunostaining between superficial and deep sections under all the different conditions examined.
MAP2
M w Pre-treatment in Solutions of Different pH. Without MW pre-treatment, sections of brain that had been fixed for 17 months showed only a few weakly stained pyramidal cells in Layer V with the MAP2 antibody ( Figure 1A ). Ten-min MW pre-treatment at full power, in combination with all the tested solutions, achieved moderate to good MAP-2 staining of Layer V pyramidal cells. In the other cortical layers, however, there was a clear difference in results among the tested solutions. In particular, the intensity and quality of staining in Layer VI ranged from good (somata as well as dendrites) when pre-treated with citrate buffer pH 4.5 (Figure 1B) to very weak when pre-treated with the aluminum chloride solution (Figure 2A ). The quality of MAP-2 staining of somata and dendrites in the superficial cortical Layers I-IV was good only when citrate buffer, pH 4.5, was used (Figure 1B) . The staining was much poorer in the other tested solutions. In those solutions it was especially difficult to detect the basal dendrites because of the very low intensity of staining, but also the somata were poorly stained (Figures 2A and 2B ; Table 1 ).
Influence of Temperature and Duration of MW Irradiation. A 60-min MW treatment at 55°C in citrate buffer, pH 2.5, did not show much improvement for MAP-2 staining in comparison with non-pre-treated tissue. MAP-2 staining showed somata in Layer V and some weakly stained somata in Layers 111 and VI. In Layers I-V, apical dendrites were visible but basal dendrites were only weakly stained in Layer VI.
A 30-min MW pretreatment at 90°C in citrate buffer, pH 2.5, showed moderate staining with MAP-2 antibody. In the superficial layers (I-IV) the intensity of staining was rather weak. MW treatment at 90°C in the different tested solutions (aluminum chloride, hydrochloric acid, citrate buffers o f p H 2.5,4.5, and 6.0) with irradiation times of 60 and 120 min showed that for MAP-2 antibody an MW treatment in citrate buffer, pH 4.5, gave the best results. However, this long MW treatment in this optimal solution resulted in less optimal staining than that seen after a 10-min MW treatment at full power. In particular, the intensity of staining in the superficial layers was less intense ( Figure 1C ; l i b l e 1).
SMI-32
Without MW pre-treatment SMI-32 antibody showed no staining at all in sections of a brain that had been fixed for 17 months (Figure 3A) , where it should have stained a subpopulation of pyramidal cells in the cerebral cortex (2). A 10-min MW pre-treatment at full power in solutions with a different pH showed, in all solutions, moderate to good staining of Layer V pyramidal cells ( Figures   3B, 4A, and 4B) . In the other cortical layers, the staining intensity of both somata and dendrites was weak to moderate. Only the tissue pre-treated with citrate buffer, pH 2.5, and aluminum chloride showed moderate to good staining in the other cortical layers ( Figures 3B and 4B) , which means that pyramidal as well as a few non-pyramidal cells were clearly visible. However, the quality of staining was not homogeneously distributed over the entire sec- 
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EVERS, UYLINGS tion. The top of the gyrus stained very well, whereas staining intensity in the sulcus was often poor (Figures SA and 5B) . The results obtained after MW pre-treatment with aluminum chloride (pH 2.75) were comparable to the results obtained with citrate buffer, pH 2.5, (Figures 3B and 4B) , which can be explained by the almost similar pH of both solutions. The worst results were obtained with citrate buffers of pH 4.5 and pH 6.0 ( Figure 4A ). In these sections only a few pyramidal cells were stained in Layers 111 and V (Tible I).
Mlltence of Temperature and Duration of Irradiation. A 60min MW pre-treatment at 55°C in citrate buffer, pH 2.5, did not much improve the SMI-32 staining compared with non-pretreated tissue. Only a few weakly stained pyramidal cells were visible in Layer V.
A 30-min MW treatment at 90°C in citrate buffer, pH 2.5, showed moderate staining with SMI-32 antibody. In the superficial cortical layers (I-IV) the intensity of staining was rather weak. When tissue was pre-treated at 90°C in the different solutions tested (aluminum chloride, hydrochloric acid, citrate buffers of pH 2.5, 4.5* and 6.0) with irradiation times of 60 or 120 min, SMI-32 staining showed that citrate buffer, pH 2.5, and aluminum chloride, pH 2.75, yielded the best results. This confirmed the findings we described after a 10-min MW treatment at full power. In addition, the SMI-32 staining results obtained after long irradiation times at 90°C appeared to be better than those obtained after 10-min irradiation at full power ( Figures 3B and 3C ) because of the more homogeneous staining of the sections. Good staining of all cortical layers was therefore not only restricted to the top of the gyrus, as we found with 10-min irradiation at full power but was also extended to the other (sulcal) parts of the cortex. This improvement was apparent after 60 min of irradiation and was more pronounced after 120 minutes of irradiation ( Figure 5C ; Table 1 ).
Discussion
Although formaldehyde is the standard fixative for human (brain) tissue, it is not the ideal method of preservation (4,6), especially when immunohistochemical studies are to be performed on that tissue. After long periods of fmtion (weeks or even months or years), many antigens are destroyed or masked by cross-linking of proteins. One of the methods often used to unmask the antigens is enzyme predigestion (1) . With this method sections are pretreated with an enzyme (trypsin or proteases) that breaks the cross-links and thus makes the antigen accessible to the antibody. This method gives good results in a number of immunohistochemical stainings but certainly not in all cases. Another method to eliminate the negative effects of formaldehyde fixation was described in 1991 by Shi et al. (9) . They used an MW oven in combination with metal salt solutions to unmask antigens and found that for 39 out of 52 antibodies tested an MW pre-treatment in a lead thiocyanate solution gave good results, usually even better than enzyme predigestion. Later, other investigators also reported good results with the MW method using other solutions such as aluminum chloride, zinc sulfate, or distilled water (5, 7, 10) . It is obvious from those studies that the solution in which the MW treatment is performed is an important factor in retrieving the antigenicity. MW irradiation, in combination with a low pH, might induce acceleration of hydrolysis. Some investigators (personal comments of Drs. C.W. Pool and R.M. Buijs) hypothesized that antigenicity would probably improve if tissue could be left in plain water long enough to hydrolize (weeks or months) without decaying. Hydrolysis would then break the formaldehyde-induced cross-links and thus make the antigen accessible to the antibody. However, the present study shows that pH also plays an important role in the process of antigen retrieval, and makes it clear that there is no unique, ideal pre-treatment for antigen retrieval for each antibody. The optimal pre-treatment for MAP-2 is different from the one for SMI-32 in two respects. First, with respect to pH, the optimal pHs of the citrate buffer for MAP-2 and SMI-32 are 4.5 and 2.5, respectively. The citrate buffer with a more neutral pH (6.0) yielded the worst result, although HCI with a pH of 0.98 a!so gave a poor result. This might be due to the extremely low pH, so that not only were the cross-links degraded but the antigen itself or the epitopes on the antigen might also have been destroyed. Second, we found for SMI-32 that MW treatment of 2 hr at 90°C can give a better result after a very long period of fixation (17 months) than l0-mh full-power MW pre-treatment, whereas MAP-2 staining results were better after the short IO-min full-power pre-treatment. In our previous study (5), we found that prolonging the heating time from 10 to 15 or 20 min on a fullpower setting resulted in higher background staining without intensifying the specific immunostaining. The tissue blocks treated in HCI, however, fell apart completely after such long treatment and thus made sectioning with a vibratome impossible. The reason that aluminum chloride can also give a good result for SMI-32 is probably due to the low pH of this solution (pH 2.75). Apparently it is not important what kind of solution is used as long as the pH is at an appropriate low level. This optimal protocol has been applied to about 10 other cases and has led to similarly optimal results in all the cases studied.
In conclusion, microwave-stimulated antigen retrieval after long to very long fixation times can be successful when solutions with an optimal pH are used. There is, however, no solution and no particular MW pre-treatment that yields optimal results for all antibodies. For each antigen to be detected, it is necessary to look for the most appropriate solution with respect to pH, and for the optimal irradiation time and temperature to retrieve antigenicity.
